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In many model systems of antibody production, a  single injection of an an- 
tigen leads to the formation first  of  19S macroglobulin antibody and later  of 
7S  gamma  globulin  antibody  (1-7).  The  cellular  mechanisms  and  biological 
purpose of this  characteristic  sequence  are still obscure. A  number of studies 
in humans  (8-12)  have shown that/3-2  macroglobulins are contained in,  and 
presumably produced by, plasma cells of varying degrees of maturity.  More- 
over,  lymphoid germinal  center  blast  cells  may contain macroglobulin  (12). 
However, the specific cells responsible for the transient  19S antibody synthesis 
of a  normal primary immune  response have not been  identified.  In previous 
studies, we have used an in vitro system to investigate antibody production by 
single cells  (13).  In the present  report,  modifications of these  techniques  are 
described which have allowed us to determine  the  cellular  basis  of  19S  anti- 
body production  to Salmonella  flagellar  antigens  in  rats. 
Materials and Methods 
Aniraals.--Wistar albino rats of both sexes, bred at the Hall Institute by random mating, 
were used. Rats were 12 weeks old at the first immunization, and weighed 180 to 220 gin. 
They were fed on "Barastoc" dog cubes, cabbage, and tap water. 
Immunizaddon.--The antigen used throughout was purified flagella from Salmonella adelaide 
bacteria,  (strain SW 1338, H antigen fg; O antigen 35). These were prepared by a modification 
of Koffier's technique, previously described (14). For primary immunization, rats received 50 
#g of antigen  into each hindfoot-pad.  For secondary immunization,  rats received a similar 
pair of injections 6 to 8 weeks after the primary immunization. 
Antibody Titrations.--The anti-H antibody titer of serum samples or of fractions  from 
density  gradient  ultracentrifugation  runs  was  determined  by the method  of bacterial  im- 
mobilization (14). Serial twofold dilutions of the samples were prepared in 0.9 per cent NaC1 
supplemented with i per cent (v/v) fetM calf serum. To each dilution, an equal volume (0.25 
ml) of a fresh, diluted, highly motile bacterial culture of standard  optical density was added. 
The bacteria  used were Salmonella derby (strain SW 721, H antigen fg; O antigen  1, 4, 12), 
which share the H but not the O antigen with the immunizing strain. Final concentration of 
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bacteria was ca. 106 per ml. After 30 minutes at room temperature, small droplets from each 
dilution were placed on slides under paraffin oil and examined for bacterial motility at 125- 
fold magnification, darkground. A standard degree of partial ( ca.  80 per cent) immobiliza- 
tion was taken as the end-point of the titration. All samples were coded and read by a single 
observer to minimize subjective error. Under these conditions, the method was reproducible 
to -4- 0.5 log2. The reciprocal of the dilution giving an end-point was termed the titer of the 
sample. 
2-Mercaptoethanol  Treatment  of Samples.--Samples  of serum diluted  1:5 in 0.9 per cent 
NaCI, or of fractions from ultracentrifuge runs, were brought to a  firml concentration of 0.1 
M 2-mercaptoethanol (ME), and incubated at 37°C  for 60 minutes. It has been shown by 
Deutsch and Morton (15), and since repeatedly, that such treatment destroys the antibody 
activity of macroglobulins, while leaving that of 7S gamma globulin unaffected. As no effect 
of this concentration of ME on the bacteria used in immobilization titratious was evident, 
antibody content of ME-treated samples was determined without prior dialysis. 
Zone Centrifugation of Serum Samples.--Zone eentrifugarion (16) was carried out in a Spin¢o 
model  L centrifuge fitted with an SW39 rotor. Sucrose solutions (22.5  and 32.5 per cent in 
0.5 M  phosphate buffer, pH 7.5) were mixed to form a linear gradient (volume 4.5 ml). Samples 
(0.1  ml) of serum were diluted with 0.2 ml of water, and this solution was layered over the 
sucrose solution. The rotor was centrifuged for 16 hours at  100,000  g, 2°C, and allowed to 
decelerate with the brake off. Fractions (0.2 to 0.25 ml) were collected in a fraction collector, 
following slow upward displacement of the tube contents by a  50 per cent sucrose solution. 
Each fraction was diluted with 3 ml of 0.9 per cent NaC1,  the optical density (1 cm cuvette, 
280 m#) determined, and anti-H antibody titer estimated both before and after ME treat- 
ment. 
In some experiments, marker proteins of known sedimentation constants were added in 
trace amounts to the serum layer. These proteins were bovine serum albumin (Armour Phar- 
maceutical Company, Kankakee, Illinois, fraction 5), normal rat 7S globulin (prepared as de- 
scribed below), and edestin (kindly supplied by Dr. P. A. Charlwood). Each protein was trace 
labeled with iodine-131 by a method similar to that described by Hunter and Greenwood (17). 
Preparation of Poptiteal Lymph Node Cell Suspensions.--Single cell suspensions in a modi- 
fied  Eisen's medium  were  prepared from  immunized popliteal lymph nodes as  previously 
described (18). 
Single cell techniques: 
(a) Selection of cells for study.  As considerable interest was attached to the early stages of 
the primary response, and as antibody-producing cells are then infrequent (19) it was decided 
to preselect antibody-producing ceils by the method of bacterial adherence (18)  before de- 
tailed single cell study. In a de Fonbrtme oil chamber (20) a drop containing some thousands 
of washed popliteal lymph node eells was mixed with a drop containing a fresh, highly motile 
culture of S. adelaide. After some minutes, certain cells became surrounded by a  corona of 
bacteria adhering specifically to the cell surface. Previous study has shown that this test is a 
good index of a cell's antibody-forming capacity (21, 22). Adherence-positive cells were identi- 
fied (200-fold  magnification, phase contrast) and  transferred  to a fresh droplet for washing. 
(b) Preparation of single cell microdroplets. As adherent bacteria would have interfered with 
subsequent antibody assay, it was necessary to remove them from the surface of the  eell 
before preparing single cell droplets. This was achieved by repeatedly drawing in and expelling 
the cell through a micropipette orifice just  wider than the cell (ca. 8 to 10~t). The resultant shear- 
Lug stresses eventually removed the adherent bacteria. Three technical considerations led us to 
base this study on single cell antibody content rather than production. Firstly, we feared that 
the  attachment  and  subsequent  forcible removal of  adherent  bacteria  might  impair  cell 
viability, though in fact the cells looked normal after these treatments. Secondly, if the cell NOSSAL~ SZENBERG~ ADA~ AND  AUSTIN  487 
does not need to metabolize during incubation, one can use droplets of 10 -7 to 10  -s ml, 10 to 
100  times smaller than  those used for the study  of single cell antibody production.  Thus 
antibody can be obtained in concentrated form, a  distinct advantage for quantitative work. 
Thirdly, in order to obtain good phase contrast visualization of the cells for purposes of cyto- 
logical classification, it was necessary to flatten them artifically against the coverslip of the 
oil chamber. We feared that this essential step might also damage protein synthetic capacity. 
Accordingly,  adherence-positive  cells,  now  without  adherent  bacteria,  were  manipulated 
singly into clean droplets of nutrient broth for two further washes to ensure complete removal 
of serum or lymph antibody. Then they were deposited on the under surface of the coverslip 
of the oil chamber, with a rnlnirnal amount of fluid. Almost immediately,  the majority of the 
surrounding fluid was sucked back, and the cell was thus forced against the glass and arti- 
fically flattened. Under high-power (X  787) phase contrast, a considerable amount of struc- 
tural detail could then be seen.  Nuclear and nucleolar outline, pailor in the Golgi region, 
mitochondria, and cytoplasmic granules or vesicles were readily visualized. This allowed us to 
classify positive cells as blasts, immature plasma cells, and mature plasma cells as previously 
described (18, 19, 21, 22). Two positive cells were classified as lymphokinecytes (23), or atypical 
small lymphocytes with a distinct rim of cytoplasm. These various cell types are illustrated in 
Figs. 1 to 6. 
(c) F~tima~ion of antibody content of single cell droplets. After the histological diagnosis had 
been recorded, the cell was broken by one or more sharp blows with the edge of the micro- 
pipette, resulting in lysis and release of intracellular antibody. The near empty droplet was 
then refilled with a standard volume of nutrient broth. Volume was standardized by measuring 
the length of fluid columns in the micropipette with an eyepiece vernier. It was now necessary 
to measure the content of total (19S -b 7S) and of ME-resistant (7S) antibody of the droplet. 
Thus each droplet was divided into two equal parts, one to be treated with an equal volume of 
broth, and the other with an equal volume of 0.2 x~ ME in broth. Preliminary experiments 
failed to show destruction of immobilizing activity in droplets of 19S antibody-containing 
serum. This was due to the diffusion of ME from the droplet into the liquid paraffin during 
incubation. Preequilibration of the paraffin with 0.1 x~ ME at 37°C eliminated this difficuity. 
Thus it was necessary to transfer the half droplet for measurement of ME-resistant antibody 
to a  second oil chamber which contained preequilibrated paraffin.  ME-treated half droplets 
were incubated at 37°C for 1 hour. Then serial twofold dilutions of each half droplet were 
made in nutrient broth,  and  5 motile S. aAda/de  bacteria added  to each dilution. After 10 
minutes, the immobilization end-point was read, just as in a routine serum titration, and with 
care, the same order of repeatability was achieved. Single cell titers were expressed  as logs~ 
of the reciprocal of the dilution of the original droplet giving an immobilization end-point. 
Cells in which the antibody content was wholly destroyed by ME treatment were classified 
as 19S ceils; those in which the antibody content was not affected or reduced by only 1 logs 
were classified  as 7S cells;  and  those in which reduction was greater than  1 logs, and thus 
regarded as definite, but in which readily detectable antibody remained after ME treatment, 
were regarded as double producers. Detailed justification of this classification follows below. 
Preparation  of Antiserum  against  Rat 7S Gamma Globulin.--A  pooled serum from rats 
killed late in the secondary response was dialyzed against 0.0175 M phosphate buffer, pH 6.3, 
and chromatographed on a DEAE cellulose column (24). The first sharp protein peak eluted 
from the column with the same buffer was found to contain 80 per cent of the initial (ME- 
resistant)  immobilizing activity. This fraction gave a  single peak in the Beckman model E 
analytical ultracentrifuge, with a sedimentation constant of approximately 7S. Rabbits were 
immunized repeatedly with 2 to 4 mg of this 7S globulin in Freund's complete adjuvant, and 
were bled frequently throughout their immunization course.  At a stage when immunoelectro- 
phoretic analysis of the serum samples showed there to be a single line of precipitation against 488  SINGLE  CELL 19S  STUDIES 
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TExT-FIcs. 1 a  to 1 c. Zone centrifugation of sera from rats immunized with Salmonella 
flagella.. .....  ,  protein  concentration;  ©----O,  antibody  titer  before  treatment  with 
mercaptoethanol (ME);  •  .....  •, antibody titer after treatment with mercaptoethanol. 
The results are consistent with ME-insensitive antibody being 7S  and  suggest that  ME- 
sensitive antibody is  about  19S. 
TExT-FIe.  1 a. Serum from rat containing ME-insensitive antibody. 
"I'zxT-FIG. 1 b. Serum from rat containing ME-sensitive antibody. 
TrxT-FIc.  1 e.  Artificial mixture  of sera  containing ME-insensitive and  ME-sensitive 
antibody. The arrows indicate localization of the peak  tubes when bovine serum albumin 
(4.4S),  rat  -r-globulin  (7S)  from normal serum, or edestin (14S) are centrifuged under the 
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the 7S ~/-globulin fraction of normal rat serum, the rabbit sera were tested for their ability 
specifically to neutralize rat antibodies. For this purpose, two rat antisera against S. addaide 
were chosen. The first, taken on the 5th day of the primary response, contained solely ME- 
sensitive antibody. On gradient density centrifugation, it gave a rapidly sedimenting peak of 
activity, presumed to be 19S. The second, taken on the 8th day of the secondary response, 
contained solely ME-resistant antibody, and gave a  slowly sedimenting peak. This was pre- 
sumed  to  be 7S  antibody.  Undiluted rabbit  "anti-rat 7S globulin" serum added in equal 
quantities to rat 7S or 19S anti-Sa~mondl.s sera reduced the titers in both instances, though 
the effect on the 7S antibody was more marked. However, when the rabbit anti-TS serum was 
first diluted 1:10, and then added to equal volumes of rat 7S or 19S antisera, the 19S serum 
showed no reduction in titer, but the 7S serum was markedly reduced. In this way, dilutions 
of the 7S serum giving titers of 50 or less were rendered totaiy inactive. Dilutions giving higher 
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titers were reduced in activity, but some antibody remained. Thus,  for single cell studies, 
the rabbit serum showing the greatest power to discriminate between 7S and 19S was used at 
a final dilution of 1:20, and single cell droplets were diluted so as to give titers in the vicinity 
of 50 (5 to 6 logs~) or less. 
Single  Cell Teckniques: 
Alternative method of identifying double producers. The above serum was used in a  further 
series of single cell experiments designed to  obtain additional information about cells con- 
taining both 7S and 19S antibody. Single cell droplets were prepared exactly as in the first 
series of experiments. Then a  small sample of each drop was removed, and tested by the 
instillation of 5 to 10 motile bacteria. The speed of immobilization and degree of agglutination 
enabled one to estimate approximately the strength of the whole droplet. Droplets believed to 
be very strong (in the titer range 7 to 9 logs~) were diluted 7- to 10-fold with broth; progres- 
sively weaker appearing droplets were diluted 2- to 7-fold; and obviously very weak or nega- 
tive droplets were discarded. This procedure was adopted so that no diluted droplets would 
have titers much above 6 logs2 or below 1 log2. Then, each diluted droplet was divided into 
four equal parts. One acted as a  control; the second was treated with an equal quantity of 490  SINGLE  CELL  19S  STUDIES 
1:10 rabbit anti-rat 7S globulin serum (room temperature, 30 minutes); the third was treated 
with ME  (0.1 ~, 37°C, 60 minutes), and the fourth  sequentially received  both treatments. 
Next, 5  to  10 motile bacteria were instilled into each quarter droplet, and immobilization 
assessed after 10 minutes. The untreated and doubly treated droplets acted as, respectively, 
positive and negative controls. Some cells yielded droplets reduced by ME but not by the 
anti-7S serum. These were classified as 19S producers. Others gave droplets reduced by the 
anti-7S serum yet unaffected by ME. These were the 7S producers. A substantial number of 
droplets showed the presence of antibody in both the ME-treated and anti-7S treated quarters 
(though often the speed of immobilization showed the antibody titer to have been reduced in 
one or both), but no residual antibody in the doubly treated droplet. Such cells were classified 
as double producers. 
RESULTS 
Zo~ Centri/ugation of Sera.--First it had to be established that rats made 
19S and 7S antibodies to Salmonella flagella, and that these were, respectively, 
ME-sensitive and ME-resistant. Text-figs. 1 a to 1 c show the results of zone 
centrifugation and subsequent ME-treatment of fractions obtained from sera 
containing predominantly 7S  antibody (Text-fig.  1 a),  19S  antibody (Text- 
fig. 1 b), or an artificial mixture of the two (Text-fig. 1 c). The serum containing 
7S antibody was obtained on the 8th day of a secondary response and gave a 
titer of  12,000. For purposes  of illustration, it  seemed desirable  to  have  a 
serum containing 19S antibody in equally high titer, and this was prepared by 
injecting a rat with 100 pg of flagella (insufficient to give detectable antibody 
production) and 6 weeks later, with  100 ng of flagella. Four days later, the 
rat's serum contained antibody to a  titer of 9600, which was completely ME- 
sensitive. The results of zone centrifugation of this serum are shown in Text- 
fig. 1 b (19S serum alone) and in Text-fig. 1 c (19S serum and 7S serum mixed 
in equal parts).  Clearly, there are two peaks of antibody activity. The first, 
which moves down the gradient at a  rate exactly equal to that of purified 7S 
gamma globulin,  is  resistant  to  ME,  though occasionally reductions of 0.5 
to  1 log2 are  obtained. The second,  which sediments somewhat faster than 
edestin (tool wt 300,000;  sedimentation constant 14S), is completely sensitive 
to ME. A similar pattern is observed when the 7S serum  is diluted 1:10 and 
mixed with a  19S serum taken on the 5th day of a  typical primary response, 
although of course the two peaks are much lower. We have observed that re- 
covery of 19S antibody from the gradient is less efficient than that of 7S anti- 
body, an observation consistent with the known instability of 19S  antibody 
activity (2).  We have attempted to achieve separation of the two main frac- 
tions of antibody in sera taken on the 3rd or 4th day of a secondary immune 
response to  100 #g of flagella. Although single cell studies (~de infra)  have 
shown that 19S antibody-containing cells are common at these times, we have 
not identified a  19S peak in such sera. We believe that this may be due to the 
great excess of 7S antibody remaining from the primary response, and to the 
instability of  19S  antibody. As  our results show that rat antibodies against NOSSAL~  SZENBERG~ ADA~ AND  AUSTIN  491 
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Salmonella  H  antigens  can  be ca.  19S  or  7S,  and  that  the  former  is  ME- 
sensitive while the latter is ME-resistant,  we will now regard "19S" and "ME- 
sensitive"  as synonomous in the context of our single cell studies. 
Serum Antibody  Titers in Rats Immunized with 100 tzg of Flagella.--To deter- 
mine accurately the sequence and kinetics of formation of 19S and 7S antibody, 
6  rats  were given  100 #g of flagella and bled  at  4, 5, 6, 7, 11,  14,  28,  and  42 
days thereafter.  An aliquot of each sample was treated  with ME. The results 
of the mean titers  of total antibody and ME-resistant  antibody are given in 
Text-fig.  2.  In  the  early  primary  response,  the  antibody  is  predominantly 
TABLE I 
The Nature of the Antibody Content of Single Cell Microdroplets at Various Stages of the Primary 
and Secondary Responses to S. adelaide  flagella 
Day of immune 
response 
4 day primary 
6  "  " 
7  ~'  ~ 
14  "  " 
2 day secondary 
3  ~  ~ 
4  ~  ~ 
,tal. 
No, of  No. of cells 
cells  containing 
examined  detectable 
antibody 
13 
5 
13 
12 
5 
7 
20 
12 
5 
92 
0 
3 
13 
12 
4 
3 
19 
12 
5 
71 
No, of 
19S cells 
0 
3 
12 
4 
0 
2 
7 
1 
0 
29 
I  No. of 
No. of  ]  "dou- 
7S cells  ,  ble"* 
cells 
i 
f 
0 
0 
0 
1 
0 
0 
3 
3 
0  I 
i 
35  i  7 
l 
Titer ranges 
<1 
<1-1/4 
1-7 
1-5/4 
<1-9 
<1-3 
<1-8 
1-9/4 
<H0½ 
* "Double" cells are cells containing antibody the titer of which is significantly diminished 
(> 1 logs) but not abolished by ME-treatment. 
:~ Titers of single cell droplets are expressed as the log2 of the reciprocal of the dilution of 
the original droplet giving an end-point of immobilization. 
ME-sensitive,  but  after  day 5  progressively increasing  quantities  of ME-re- 
sistant  antibody appear.  The antibody found in the late  primary response is 
predominantly  7S,  as  judged  both  by  ME  resistance  and  gradient  density 
centrifugation.  In  the  secondary response,  there  is  a  statistically  significant 
difference  (0.05  >  p  >  0.02)  on  days  2  and  3  between  the  total  antibody 
titer and the titer of ME-resistant antibody. Mter day 3, there is no significant 
difference between  the  total antibody and  ME-resistant  antibody content of 
the sera. 
Antibody  Content  of Single  CelIs.--Quantitative  results  on the  19S  and/or 
7S antibody content of 92 single cells are given in Table I  and Text-figs. 3 to NOSSAL,  SZENBERG,  ADA,  AND  AUSTIN  493 
6. Table I shows that ceils on the 4th day of the primary response, while giving a 
positive bacterial adherence test, do not contain sufficient  antibody to be de- 
tected by the immobilization  test. On the 5th  day, some positive cells were 
encountered and these all contained  19S antibody. On day 6 and thereafter, 
nearly all  cells studied contained readily detectable antibody, sometimes in 
surprisingly large amounts. On day 6, nearly all the cells contained 19S anti- 
body but by day 7, 7S producers had appeared in considerable numbers. On 
day 14, only 7S producers could be found. In the secondary response,  some 
cells positive for antibody content  could be found already on the  2nd  day, 
PER  CENT  Primary 
I00, 
CELLS 
TESTED  SO,  9" 
4  5  6 
NO  ANTIBODY  FOUND 
19S  FOUND 
7 S  FOUND 
7S  +  19S  FOUND 
~spcm~ 
-.~  m~ 
7 
7  I%  7 
? 
? 
7  14 
Secondary  response 
77 
77  i  ; 
1"1 
2  3  4  S 
Days  a~er  I~  injection  Days  atter  2nd  injection 
T~xT-Fm. 3. Proportion of single ceils containing 19S, 7S, or both types of antibody. 
* The percentage refers to cells tested on a particular day. 
and by day 3 nearly all  the cell droplets studied gave high  antibody titers. 
Both  19S and 7S cells were seen,  as were 3 cells apparently containing  both 
types of antibody. By the 4th day of the secondary response, pure 19S-contain- 
Lug cells were rare, and again a substantial proportion of the ceils appeared to 
contain both types of antibody. By the 5th day, only 7S-containing  cells could 
be found. This changing  pattern is shown in Text-fig.  3. Text-fig.  4 shows the 
correlation between cell morphology and antibody type produced. Two lympho- 
kinecytes (one containing  19S and one 7S antibody) and  2 unidentified cells 
are omitted. ME-sensitive antibody was found in all 3 cell types (blasts, imma- 
ture  plasma  ceils,  and  mature  plasma cells;  see  Figs.  1 to  6),  as was ME- 
resistant  antibody.  Thus,  morphological  appearance  provided  no  guide  as 
to the type of antibody a cell was likely to contain. In the primary response, 494  SINGLE  CELL  19S  STUDIES 
blasts produced  only  19S  antibody,  and no  7S-producing  blasts were found. 
However, in the secondary response, morphologically indistinguishable plasma- 
blasts  contained  7S  antibody already on the  2nd  and  3rd  days.  On  the  5th 
day of the primary response, fully mature plasma cells always contained  19S 
BLAST CELLS  [~]~ ?S  •  19S  FOUND 
IMMATURE PLASMA  CE~  19S  FOUND 
Ivl~1"URE PLASMA CELLS  ~  7S  FOUND 
NO  ANTIBODY FOUND 
PER  CENT 
OF 
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I00 
M  ~1 
M  I 
M 
M_ 
50.~  f~ 
I I 
B 
rB  B 
4  5 
Days  after 
RESPONSE 
;  MT 
M  Jl  M 
I  I  M  7 
B  9  N9 
6  7 
Ist  injection 
M 7 
M  7 
14 
PER  CENT 
OF 
CELLS 
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IO0 
50. 
;ECONDARY  RESPONSE 
M7 
I,~  ' M  ?~ 
N7 
2  3  4  5 
[~yS  after  2r~  Injection 
TExT-FIG. 4. Proportion of blasts, immature plasma cells, and mature plasma cells con- 
taining 19S, 7S, or both types of antibody. 
* For the  left-hand histograms, the  percentage indicates what  proportion of the  cells 
belonged to each category on each day. For the fight-hand histograms, the percentage indi- 
cates what proportion of cells of each day was forming 7S, 19S, or both types of antibody. 
antibody, while on the same day of the secondary response, cells of indistin- 
guishable  appearance  always  contained  7S  antibody. 
Text-fig. 5 shows the mean titers of the single cell droplets, omitting double 
producers, and counting cells giving a  titer of (1  as containing no antibody. 
In both primary and  secondary response,  there  was  a  tendency  for cells  to 
become stronger  with  time,  though  there is no evidence to indicate  whether IWOSSAL~ SZENBF.RG,  ADA; AND AUSTIN  495 
this represented an increase in the quantity of antibody per cell, or simply in 
the avidity or quality. In the secondary response,  cells seemed to gain full 
synthetic capacity much more quickly, as both 7S and 19S blasts with high 
titers were found already on day 3.  Maximal titers achieved by cells in the 
secondary response were only slightly higher than those of mature plasma cells 
found later in the primary response. Moreover, the most active 19S cells had 
only slightly lower titers than the best 7S cells. In Text-fig. 6, the same data 
are expressed in a  different way, this time to include the 7 double producers. 
~.  8  PRIMARY  RESPONSE  7 
ANTIBODY  I~ 
TITER 
19  19 
i.,_1 i..J i..i  ['] • r]. ~.1 
n  i  M  •  i  M  e  i  M  e  I  M  M 
4  5  6  7  14 
Days  after  is?. injection  r 
I0, 
MEAN 
ANTIBODY 
5 
TITER 
SECONDARY  RESPONSE 
n  !  Id  a  IId  e  !  M  e  I  M 
2  3  4  5 
Days  after  2nd  injection 
TExT-FIG. 5. Mean antibody titer of single cell microdroplets containing 19S  or  7S anti- 
body. B, blast cells; I, immature plasma cells; M, mature plasma cells; 7 indicates 7S pro- 
ducers; 19 indicates 19S producers. 
* The titer is the log~ of the reciprocal of the dilution of the original single cell droplet 
giving an end-point of bacterial immobilization. 
The sum of the titers of, respectively, 19S and 7S antibody of all the droplets 
was obtained, and divided by the total number of cells (19S, 7S, doubles, and 
negative ceils)  tested on that day. It can be seen that the antibody content of 
the popliteal lymph node cell population expressed in this way mirrors reason- 
ably closely the proportions of antibody present in the serum at the various 
times. Moreover, it is shown that cells appearing to contain both antibodies 
occurred only at times when the switch-over from 19S  to  7S  antibody pro- 
duction was in progress. 
Further Study  of Double Producers.--While  only 7  of the  92  cells  studied 
quantitatively were classified  as double producers,  the true number of such 496  SINGLE  CELL  196  STUDIES 
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TEXT-FIG.  6.  Mean antibody tiLers of all single cell drops. The means include "double" 
cells as well as  19S and 7S cells.  The arrows indicate times at which double cells were en- 
countered.  •  •,  19S  antibody content;  O  O,  7S  antibody content; .....  ,  an 
extrapolation to zero, no active cells of the category concerned having been found on that day. 
TABLE  II 
Studies  on the Effect  of Anti-7S  Serum,  ME, or Both  on the Antibody  Content  of Single  Cell 
Droplas 
Day of immune response  No. of cells  No. of 19S  No. of 7S  No. of "double"  examined*  cells~t  cells§  cellsl] 
5 day primary ................ 
6  ~  ~ 
3 day secondary .............. 
4  g~  gg 
5  ~¢  g¢  .............. 
Total ....................... 
7 
8 
10 
7 
13 
7 
52  13 
0 
2 
7 
2 
11 
7 
29  10 
* The  morphological pattern  of  adherence-positive cells was  similar  to  that  shown in 
Text-fig. 4, except that 1 7S-containing blast was found on the 6th day of the primary re- 
sponse. 
:~ 19S  cells gave droplets in which antibody was  destroyed by ME  but not by anti-7S 
serum. 
§ 7S cells gave droplets in which antibody was destroyed by anti-7S serum but not by ME. 
11 "Double" calls gave droplets in which antibody was destroyed only when both treat- 
ments were used. 
cells was probably  larger.  In  the above studies,  cells containing a  substantial 
amount  of 7S antibody  and a  smaller amount  of 19S would have been reduced 
to only a  slight, and probably undetectable extent by ME  treatment.  Accord- 
ingly, a  further series of non-quantitative  experiments was performed using the NOSSAL,  SZENBERG,  ADA,  AND  AUSTIN  497 
rabbit "anti-rat  7S globulin" serum described above. Single cell droplets were 
divided into quarters and treated as described under Single Cell Techniques, 
Alternative method. Double producers were ceils yielding droplets the antibody 
of which was reduced only partially by either ME or anti-rat  7S globulin but 
wholly by a combination of the two. The results of this study are given in Table 
II. Ten double producers were found amongst 52 cells, a somewhat larger pro- 
portion than in the quantitative studies. Often, we formed the impression that 
the  degree of reduction  achieved with  anti-7S  serum in  these droplets  was 
greater than that achieved by ME, suggesting that such ceils would indeed have 
been classified as 7S producers by the technique used in the previous set of ex- 
periments. Again,  19S-containing  cells included blasts, immature plasma cells, 
and mature plasma cells, as did 7S cells. Of the 10 double producers, 6 were 
immature  plasma  ceils and  4 were mature plasma  cells. 
Celhdar Basis of Anti-O Antibody Production.--From  both studies, six cells 
were encountered which contained only anti-O antibody, presumably directed 
against contaminating  traces of O antigen  in the flagellar  preparation.  All of 
these droplets were completely neutralized by ME treatment. 
DISCUSSION 
These  experiments  show that  both  19S  and  7S antibodies  are formed by 
cells of the plasma cell family. Of 144 adherence-positive cells examined,  123 
contained detectable antibody. Of these, 26 were blast cells, presumably plasma- 
blasts; 38 were immature plasma cells, 57 were mature plasma cells,  1 was a 
lymphokinecyte, and  1 was unidentified.  No morphological  differences  were 
observed between 19S- and 7S-containing  cells. 
Following primary injection of the flagella antigen,  19S antibody formation 
clearly preceded the 7S response.  In the first 5 days, all antibody-containing 
cells found were 19S producers, and consisted of blasts and immature plasma 
cells. Late in the primary response,  only 7S-containing  cells were found, and 
these  consisted mainly of mature  plasma  cells with  a  few immature  forms. 
On days 6 and 7, 7 cells were found containing both types of antibody. This 
corresponded to the time when substantial amounts of 7S antibody were first 
found in the serum. Following secondary injection of the antigen, there was no 
clear sequence in the appearance of 19S and 7S antibody. Blast cells, containing 
either 7S or 19S antibody, were found already by day 2. By day 5, only 7S- 
containing  cells  could be found,  all  of which  were mature  plasma  cells.  On 
days 3 and 4, a considerable proportion of cells containing both types of anti- 
body were found.  Thus,  double producers occurred only at  times when the 
switch from 19S to 7S antibody production was occurring,  (Text-fig.  5). Pre- 
sumably such cells were undergoing a process of intracellular switchover when 
the animal was killed. 
We favour the following simple hypothesis to explain  these data. When the 
antigen is injected the first time, all cells capable of responding embark on 19S 498  SINGLE  CELL  19S  STUDIES 
antibody production. Some of these mature, produce their quota of 19S anti- 
body, and disappear. After some 19S antibody has been formed, a proportion 
of the proliferating cells switch to the production of 7S antibody. There is a 
short period during  which the two functions overlap, and  cells examined at 
that stage contain both types of antibody. Soon the change is completed, and 
plasma cells found late  in  the primary response produce only 7S antibody. 
In the secondary response,  some blast cells go through  a  similar  transition, 
but more rapidly. Others, perhaps the progeny of cells which have gone through 
the transition  during  the primary response,  may form 7S antibody ab initio. 
This course of events applies only to the model system here described. Some 
antigens, such as Salmonella somatic (O) antigen, cause 19S antibody produc- 
tion only (2, 7). Others, for example monomeric flagellin (25), appear to initiate 
7S antibody production without the prior formation of 19S antibody as deter- 
mined by the ME sensitivity of sera. Moreover, the antigen used in the present 
experiment,  when injected in minute  doses,  results  in  the production  of 7S 
antibody without detectable precedent 19S antibody formation (25). It would 
thus be unwise to attempt to formulate a general  hypothesis at this stage. 
Mellors  and Korngold (12), studying the cellular  origin  of human immuno- 
globulins  by fluorescent antibody techniques,  found that  while  most plasma 
cells contained either  7S or  19S globulin,  an occasional  cell contained  both. 
This finding is consistent with our results,  and such cells may have represented 
normal human cells going through the transition as discussed above. 
Immunoglobulins  consist of L  (light)  chains  and  H  (heavy)  chains  (26, 
28), and H chains from macroglobulins  differ in a number of respects from those 
of 7S ~,-globulins (26, 27). Our cells which  switch from 19S to 7S production 
apparently  continue  to produce only  1 type of antibody-combining site per 
cell (13). Presumably this is due to changes in the synthesis and/or assembly 
of the subunits, but until uniformity of opinion on the location of the combin- 
ing  site has been achieved (26-28), it would be premature to attempt an in- 
terpretation of our results in terms of current concepts of globulin structure. 
Uhr et al.  (4) have shown that there is no long-term memory for 19S anti- 
body production in guinea pigs injected with phage antigens.  In our system, 
this is not the case. Three days after a secondary injection of 100 #g of flagella, 
many cells containing  only  19S antibody can be found,  whereas  this  is not 
possible until the 5th day of the primarY  response.  Confirmatory evidence of 
19S memory by zone ultracentrifugation of serum has not been obtained using 
100 #g of flagella,  possibly due to the technical difficulties mentioned above. 
However, when a  very small  primary  dose of flagella  (insufficient  to  cause 
detectable antibody formation) was injected, followed by a larger dose 6 weeks 
later, a secondary 19S response  could be clearly shown by ME treatment and 
zone centrifugation studies of sera.  This work will be reported in detail in a 
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It has been suggested (2) that 19S antibody formation in adult mammals is a 
vestigial  response in which the animal briefly recapitulates phases of its phy- 
logeny and ontogeny. While the 7S system plays the major role in adult ani- 
mals, the 19S system may still  be of great importance in immature animals 
(7, 29) and in lower species (3, 30). Our present findings are not directly rele- 
vant to this question,  but the concept does provide a rational biological basis 
for an otherwise somewhat puzzling series of events. 
Finally, two qualifying comments should  be made. We have argued as if 
the type of antibody a cell contains is a true reflection of the type of antibody 
it is currently producing.  In view of previous  studies  (21, 22), we feel this to 
be a reasonable  assumption, but it is not proven in the present context.  Sec- 
ondly, because of the complex quantitative micromanipulations  involved, we 
have been able to study only 144 cells, representing  a smaller sample than in 
most of our previous work. 
SUGARY 
Rats were immunized with Salmonella adelaide flagella. By zone centrifuga- 
tion of serum samples in sucrose gradients, it was shown that, as in many other 
systems of antibody formation, the first response was the formation of 19S, 
mercaptoethanol (ME)-sensitive  antibody. This was quickly replaced  by 7S, 
ME-insensitive  antibody. Popliteal  lymph node  cell suspensions  were  pre- 
pared, and cells with antibody on their surface were identified by the method 
of bacterial adherence.  By micromanipulation such ceils were washed, placed 
into microdroplets,  examined under high-power phase contrast and broken to 
release intraceilular  antibody. These droplets  were then studied in either of 
two ways. In the first method, each droplet was halved and one half treated 
with ME. Then both halves were titrated for immobilizing antibody through 
serial twofold dilution of the half microdroplets.  Droplets showing destruction of 
antibody by ME were classified as  19S; those showing no reduction in titer 
as 7S; and those showing significant (> 1 log2) reduction as double producers; 
i.e., ceils containing both 7S and 19S antibodies.  In the second method, drop- 
lets were divided into 4 equal quarters, for testing after treatment with either 
ME, or a specific rabbit anti-rat 7S globulin serum, or both. In these experi- 
ments,  cells showing  some  remaining antibody after treatment with  either 
reagent, but not after treatment with both reagents,  were classified as double 
producers. 
Of 144 cells tested, 123 contained readily detectable amounts of antibody. 
These comprised 42 19S cells, 64 7S cells, and 17 double producers. The double 
producers were frequent at times when the switchover from 19S to 7S antibody 
production was occurring. All except 4 of the cells in the study could dearly be 
identified as members  of the plasma cell series. Though 7S cells became more 
frequent  as  the  cell  population matured,  no  clear-cut  correlation  between 500  SINGLE  CELL  lgS  STUDIES 
cell immaturity and 19S production could be obtained. In the primary response 
many fully mature plasma  cells contained only 19S antibody; conversely, in 
the secondary response many blasts contained 7S antibody. No morphological 
difference between 19S and 7S cells could be found. 
The restflts suggested that many cells or cell clones go through a  sequence 
whereby each forms first 19S and later 7S antibody with identical combining 
sites. 
We wish to thank Sir Macfarlane Bumet for his interest in this work, Mr. John Pye for 
help in the preparation of purified rat 7S 3,-globulin, and Mr. K. Clarke and Miss J. Milner 
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EXPLANATION OF PLATE 58 
Phase  contrast  photomicrographs  of antibody-producing  ceils  in  microdroplets, 
X  630. 
Fro. 1.  Blast cell. 
FIos. 2 and 3.  Immature plasma ceils. 
FIos.  4 and 5. Mature plasma cells. 
FIG. 6. Mature plasma cell  showing bacterial  adherence. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  119  PLA~E  58 
(Nossal et al. : Single cell 19S studies) 